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(57) ABSTRACT

The invention relates generally to the measurement and
dimensional analysis of an object and, more particularly, to
the correction of distortion in volumetric data of the object
using dimensional data of the object. In one embodiment, the
invention provides a method of analyzing an object, the
method comprising: acquiring volumetric data of an object
using an X-ray computed tomography (CT) imaging system;
acquiring dimensional data of the object using a vision-based
system; determining whether the volumetric data include a
distortion; and in the case that the volumetric data are deter-
mined to include a distortion, correcting the distortion in the
volumetric data using the dimensional data.
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1
METHOD AND SYSTEM FOR DIMENSIONAL
ANALYSIS OF AN OBJECT

BACKGROUND OF THE INVENTION

X-ray computed tomography (CT) has been used to carry
out both external and internal dimensional analyses of manu-
factured objects. In some industries, this technique has
become a standard practice for purposes of quality assurance,
maintenance, and repair. Typically, an X-ray CT system is
employed to obtain volumetric data comprising both external
and internal dimensional data. However, when such analyses
are carried out on highly contoured objects, it is not uncom-
mon to encounter distortions in the external dimensional data.
Such distortions may be caused by X-ray scatter or other
X-ray transmission issues. These distortions preclude accu-
rate analysis of either the external or internal features of such
objects.

Attempts to correct or accommodate such distortions have
employed computer-aided design (CAD) models. Such tech-
niques have had limited success, however, because the ana-
lyzed object often varies from that in the CAD model, due to
manufacturing issues, wear on the object, etc.

BRIEF DESCRIPTION OF THE INVENTION

In one embodiment, the invention provides a method of
analyzing an object, the method comprising: acquiring volu-
metric data of an object using an X-ray computed tomogra-
phy (CT) imaging system; acquiring dimensional data of the
object using a vision-based system; determining whether the
volumetric data include a distortion; and in the case that the
volumetric data are determined to include a distortion, cor-
recting the distortion in the volumetric data using the dimen-
sional data.

In another embodiment, the invention provides a system
for analyzing an object, the system comprising: an X-ray
computed tomography (CT) imaging system; and a vision-
based system, wherein the X-ray CT imaging system and the
vision based system are configured to simultaneously collect,
respectively, volumetric data and dimensional data of an
object.

In still another embodiment, the invention provides a com-
puter program product for correcting distortion in volumetric
data of an object, the computer program product comprising
a computer-readable storage medium having program code
embodied therewith, the program code being executable by a
computer processor to perform a method comprising: com-
paring volumetric data of an object with dimensional data of
the object; and remapping the volumetric data using the
dimensional data, wherein the volumetric data include mea-
surements of both external and internal surfaces of the object
and the dimensional data include measurements of external
surfaces of the object.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features of this invention will be more
readily understood from the following detailed description of
the various aspects of the invention taken in conjunction with
the accompanying drawings that depict various embodiments
of the invention, in which:

FIG. 1 shows a schematic view of a system according to an
embodiment of the invention.

FIGS. 2 and 3 show perspective views of, respectively, an
objectand a model of the object based on distorted volumetric
data.
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FIGS. 4 and 5 show cross-sectional views of FIGS. 2 and 3,
respectively.

FIG. 6 shows a cross-sectional view of an overlay of FIGS.
4 and 5.

FIG. 7 shows a schematic view of the correction of dis-
torted volumetric data, according to an embodiment of the
invention.

FIG. 8 shows a flow diagram of an illustrative method
according to an embodiment of the invention.

FIG. 9 shows a schematic view of a computer-implemented
system for carrying out aspects of the invention, including the
correction of distorted volumetric data.

Itis noted that the drawings of the invention are not to scale.
The drawings are intended to depict only typical aspects of
the invention, and therefore should not be considered as lim-
iting the scope of the invention. In the drawings, like num-
bering represents like elements between the drawings.

DETAILED DESCRIPTION OF THE INVENTION

Turning now to the drawings, FIG. 1 shows a schematic
view of a system 100 for analyzing an object 200, the system
100 comprising an X-ray transmission device 10 and X-ray
receiver 20, as well as a vision-based system 40.

Together, X-ray transmission device 10 and X-ray receiver
20 comprise an X-ray computed tomography (CT) imaging
system operable to measure and analyze both external and
internal features of object 200. That is, X-ray transmission
device 10 and X-ray receiver 20 are operable to measure both
absolute and relative features of the external and internal
surfaces and feature of object 200, such that the collected
measurements, which may be referred to as volumetric data,
may be used to construct a three-dimensional model of both
exterior and internal features of object 200 suitable for ana-
lyzing manufacturing defects, object wear or damage, etc. To
do so, X-ray transmission device 10 passes X-rays 12 onto
and through object 200, which are received by X-ray receiver
20. The function of such devices and systems are known in the
art and would be apparent to one skilled in the art. As such, a
detailed explanation of their function will not be provided
here for the sake of brevity.

As will be explained in greater detail below, CT imaging
systems commonly encounter distortion in the collected volu-
metric data, such as may be attributable to X-ray scatter or
similar phenomena. The correction of such distortion is criti-
cal to ensuring the accuracy of any analyses based on or
relying upon such volumetric data.

Vision-based system 40 allows for the independent mea-
surement of external features of object 200. That is, vision-
based system 40 is operable to measure both absolute and
relative features of the external surfaces of object 200, such
that the collected measurements, which may be referred to as
dimensional data, may be used to construct a three-dimen-
sional model of the exterior features of object 200. Vision-
based system 40 may include, for example, a structured light
metrology device operable to deliver structured light 42 onto
object 200. In some embodiments of the invention, such a
structured light metrology device may include a blue light
device and/or a white light device. In other embodiments of
the invention, vision-based system 40 may include, for
example, vision-based coordinate measurement machines,
machine vision systems, laser scanners, or camera-based data
collection systems, as will be recognized by one skilled in the
art.

In operation, X-ray transmission device 10 and vision-
based system 40 are each employed to measure features of
object 200, collecting volumetric data 14 and dimensional
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data 44, respectively. According to some embodiments of the
invention, volumetric data 14 and dimensional data 44 are
collected simultaneously. According to other embodiments of
the invention, volumetric data 14 and dimensional data 44 are
collected sequentially. Regardless, volumetric data 14 and
dimensional data 44 may be delivered to a distortion correc-
tion system 50. As will be explained in greater detail below,
distortion correction system 50 employs dimensional data 44
to correct distortions that may exist in volumetric data 14. A
three-dimensional modeling system 60 may then be
employed to construct a three-dimensional model of object
200 using the corrected volumetric data.

System 100 is shown further comprising a manipulating
device 30. As is known in the art, object 200 may be rotated 32
about an axis A or otherwise manipulated in three-dimen-
sional space during the collection of volumetric data and/or
dimensional data. Although shown in FIG. 1 as rotating 32
object 200 about axis A, it should be understood that manipu-
lating device 30 may manipulate object 200 in other ways, as
would be apparent to one skilled in the art.

FIG. 2 shows a perspective view of object 200, a cuboid
with a cylindrical passage 270 extending from a first face 210
to an opposite face (obscured). First face 210 includes four
edges 212,214,216 (adjacent second face 220), 218 (adjacent
third face 230).

FIG. 3 shows a perspective view of distorted object 300,
which has been modeled using distorted volumetric data, for
example. As can be seen, edges 312, 314, 316, and 318 do not
meet at right angles and cylindrical passage 370 has taken on
a slightly ovoid cross-sectional shape, due to the general
slanting of distorted object 300. Such distortion may be attrib-
utable to X-ray diffraction, for example, during collection of
the volumetric data. Features 310, 320, and 330 correspond to
first face 210, second face 220, and third face 230, respec-
tively, of FIG. 2.

FIGS. 4 and 5 show cross-sectional views of FIGS. 2 and 3,
respectively. FIG. 6 shows an overlay of FIGS. 4 and 5, with
feature points A, B, C, D of object 200 (shown in phantom)
and corresponding distorted points A', B', C', D' of distorted
object 300 labeled.

FIG. 7 shows a schematic representation of the correction
of distorted volumetric data according to an embodiment of
the invention. Here, feature points A, B, C, D as may be laid
along edge 218 (FIG. 2) and distorted points A", B', C', D' as
may be laid along distorted edge 318 (FIG. 3) are shown. The
relative distances between various pairs of distorted points A',
B', C', D' are shown graphically in distorted volumetric data
414. Without some undistorted reference, there would be no
reliable way to correct the distortion seen in distorted volu-
metric data 414 and no way to accurately model object 200
(FIG. 2) using the volumetric data collected.

However, by using undistorted dimensional data 444, it is
possible to correct not only the corresponding external sur-
face features (A' and B') in distorted volumetric data 414, but
also internal surface features (C' and D'), for which no undis-
torted data was collected. This is possible because, similar to
the stretching of an elastic band, the distortions typically
observed in distorted volumetric data 414 are proportional.
That is, the relative distances between distorted data points
tend to be proportional to the relative distances between
undistorted points of the object being analyzed. As such, it is
possible, using dimensional data, which represent only exter-
nal surfaces of an object, to correct distorted volumetric data
representing both external and internal surfaces of the same
object. Corrected volumetric data 454 may then be used to
accurately model the external and internal surfaces and fea-
tures of the object.
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Various algorithms may be employed in correcting dis-
torted volumetric data 414, as will be apparent to one skilled
in the art. Generally, however, such algorithms will rely on the
three-dimensional remapping of a distorted volumetric data
point (e.g., A") to the same three-dimensional position as that
of'the corresponding undistorted dimensional data point (e.g.,
A). This may include, for example, creating a point cloud of
object 200 using dimensional data 444, to which at least a
portion of the distorted volumetric data 414 are then
remapped. Upon remapping two or more such distorted volu-
metric data points (e.g., A', B'), conventional algorithms may
be used to interpolate the corrected three-dimensional posi-
tions of intervening distorted volumetric data points (e.g., C',
D" for which no corresponding dimensional data point was
collected.

As will be appreciated by one skilled in the art, aspects of
the present invention may take the form of a computer pro-
gram product embodied in computer-readable media having
computer readable program code embodied thereon.

Any combination of computer-readable media may be uti-
lized. A computer-readable medium may be a computer-read-
able signal medium or a computer-readable storage medium.
A computer-readable storage medium may be, for example,
but not limited to, an electronic, magnetic, optical, electro-
magnetic, infrared, or semiconductor system, apparatus, or
device, or any suitable combination of the foregoing. More
specific examples of the computer-readable storage medium,
while not exhaustive, would include the following: an elec-
trical connection having one or more wires, a portable com-
puter diskette, a hard disk, a random access memory (RAM),
aread-only memory (ROM), an erasable programmable read-
only memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an
optical storage device, a magnetic storage device, or any
suitable combination of the foregoing. In the context of this
document, a computer-readable storage medium may be any
tangible medium that can contain or store a program for use
by or in connection with an instruction execution system,
apparatus, or device.

A computer-readable signal medium may include a propa-
gated data signal with computer-readable program code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-mag-
netic, optical, or any suitable combination thereof. A com-
puter-readable signal medium may be any computer readable
medium that is not a computer readable storage medium and
that can communicate, propagate, or transport a program for
use by or in connection with an instruction execution system,
apparatus, or device.

Program code embodied on a computer-readable medium
may be transmitted using any appropriate medium, including
but not limited to wireless, wireline, optical fiber cable, RF,
etc., or any suitable combination of the foregoing.

Computer program code for carrying out operations for
aspects of the present invention may be written in any com-
bination of one or more programming languages, including
an object oriented programming language such as Java,
Smalltalk, C++ or the like and conventional procedural pro-
gramming languages, such as the “C” programming language
or similar programming languages. The program code may
execute entirely on the user’s computer, partly on the user’s
computer, as a stand-alone software package, partly on the
user’s computer and partly on a remote computer or entirely
on the remote computer or server. In the latter scenario, the
remote computer may be connected to the user’s computer
through any type of network, including a local area network



US 9,351,697 B2

5

(LAN) or a wide area network (WAN), or the connection may
be made to an external computer (for example, through the
Internet using an Internet Service Provider).

Aspects of the present invention are described below with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations and/
or block diagrams, and combinations of blocks in the flow-
chart illustrations and/or block diagrams, can be imple-
mented by computer program instructions. These computer
program instructions may be provided to a processor of a
general purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the
processor of the computer or other programmable data pro-
cessing apparatus, implementation of the functions/acts
specified in the flowchart and/or block diagram block or
blocks.

These computer program instructions may also be stored in
a computer-readable medium that can direct a computer,
other programmable data processing apparatus, or other
devices to function in a particular manner, such that the
instructions stored in the computer-readable medium produce
an article of manufacture including instructions which imple-
ment the function/act specified in the flowchart and/or block
diagram block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps to
be performed on the computer, other programmable appara-
tus or other devices to produce a computer-implemented pro-
cess such that the instructions which execute on the computer
or other programmable apparatus provide processes for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks.

The flowchart and block diagrams in the Figures illustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or por-
tion of code, which comprises one or more executable
instructions for implementing the specified logical
function(s). It should also be noted that, in some alternative
implementations, the functions noted in the block may occur
out of the order noted in the figures. For example, two blocks
shown in succession may, in fact, be executed substantially
concurrently, or the blocks may sometimes be executed in the
reverse order, depending upon the functionality involved. It
will also be noted that each block of the block diagrams
and/or flowchart illustration, and combinations of blocks in
the block diagrams and/or flowchart illustration, can be
implemented by special purpose hardware-based systems
that perform the specified functions or acts, or combinations
of special purpose hardware and computer instructions.

FIG. 8 shows a flow diagram of a method according to an
embodiment of the invention. At S1, volumetric data of an
object are acquired. As noted above, volumetric data include
measurements of both external and internal surfaces and fea-
tures of the object. At S2, dimensional data of the object are
acquired, such dimensional data including measurements of
external surfaces and features of the object. S1 and S2 may be
carried out simultaneously or sequentially.

At S3, it is determined whether distortion exists in the
volumetric data collected at S1. Such a determination may be
made, for example, by modeling the object using the collected
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volumetric data and observing distortions or by comparing all
or a portion of corresponding three-dimensional points in the
volumetric data and the dimensional data. If no distortion is
found (i.e., No at S3), the volumetric data may optionally be
confirmed at S4 using the dimensional data and, at S5, a
three-dimensional model of the object constructed using the
volumetric data collected at S1.

If, however, distortion is found in the volumetric data col-
lected at S1 (i.e., Yes at S3), the volumetric data is corrected
at S6 using the dimensional data collected at S2, as described
above, for example. A three-dimensional model of the object
may then be constructed at S7 using the corrected volumetric
data from S6.

FIG. 9 shows a schematic view of a computer-implemented
system 516 for carrying out aspects of the invention, includ-
ing the correction of distorted volumetric data. To this extent,
system 516 includes a computer system 520 that can perform
the various process steps described herein for correcting dis-
torted volumetric data. In particular, computer system 520 is
shown including a distortion correction program 550 and a
3-D modeling program 560 contained in a storage component
524 of computer system 520.

Computer system 520 is shown including a processing unit
522, storage component 524, which may comprise a memory,
input/output (I/O) interfaces 526, and a bus 528. Further,
computer system 520 may be in communication with external
devices and/or storage systems, as will be apparent to one
skilled in the art.

As is known in the art, in general, processing unit 522
executes computer program code, such as distortion correc-
tion program 550 or 3-D modeling program 560, that is stored
in storage component 524 and/or an external storage system.
While executing computer program code, processing unit 522
can read and/or write data from/to storage component 524, an
external storage system, and/or 1/O interface 526. Bus 528
provides a communication link between each of the compo-
nents in computer system 520.

In any event, computer system 520 can comprise any gen-
eral purpose computing article of manufacture capable of
executing computer program code installed by a user 518
(e.g., a personal computer, server, handheld device, etc.).
However, it is understood that computer system 520 is only
representative of various possible computer systems that may
perform the various process steps of the invention. Similarly,
system 516 is only illustrative of various types of systems for
implementing the invention.

As previously mentioned, the distortion correction pro-
gram 550, when executed, enables the computer system 520
to correct distortion in volumetric data. To this extent, distor-
tion correction program 550 may comprise one or more mod-
ules 552 for carrying out the various process steps described
above. For example, modules 552 may include, for example,
amodule for acquiring volumetric data of an object, amodule
for acquiring dimensional data 554 of an object, a module for
determining whether the volumetric data include a distortion
(i.e., distorted volumetric data 514), a module for construct-
ing a point cloud using the dimensional data, a module for
comparing the volumetric data to the dimensional data, etc.

It is understood that some of the various systems shown in
FIG. 9 can be implemented independently, combined, and/or
stored in memory for one or more separate computer systems
that communicate over a network. Further, it is understood
that some of the systems and/or functionality may not be
implemented, or additional systems and/or functionality may
be included as part of system 516.

The technical effect of carrying out aspects of the invention
via a computer-implemented method or system (e.g., by
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executing program code for correcting distortion in volumet-
ric data using a computer processing unit or processor) is the
correction of volumetric data distortion (corrected volumetric
data 554), using dimensional data 544, whether such dimen-
sional data are obtained simultaneously with or sequentially
to obtaining the distorted volumetric data 514.

As used herein, the singular forms “a,” “an,” and “the” are
intended to include the plural forms as well, unless the con-
text clearly indicates otherwise. It will be further understood
that the terms “comprises” and/or “comprising,” when used in
this specification, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing any
related or incorporated methods. The patentable scope of the
invention is defined by the claims, and may include other
examples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims if
they have structural elements that do not differ from the literal
language of the claims, or if they include equivalent structural
elements with insubstantial differences from the literal lan-
guage of the claims.

What is claimed is:

1. A method of analyzing an object, the method compris-
ing:

acquiring volumetric data of an object using an X-ray

computed tomography (CT) imaging system;
acquiring dimensional data of the object using a vision-
based system;

determining whether the volumetric data include a distor-

tion; and

in the case that the volumetric data are determined to

include a distortion, correcting the distortion in the volu-
metric data using the dimensional data.

2. The method of claim 1, wherein the vision-based system
includes at least one of the following: a structured light
metrology device, a vision-based coordinate measurement
machine, a machine vision system, a laser scanner, or a cam-
era-based data collection system.

3. The method of claim 1, further comprising:

constructing a point cloud using the dimensional data.

4. The method of claim 1, wherein the distortion includes a
distortion due to X-ray scatter.

5. The method of claim 1, wherein the volumetric data
include measurements of both external and internal surfaces
of the object.

6. The method of claim 1, wherein the acquiring steps are
carried out simultaneously.

7. The method of claim 1, wherein the acquiring steps are
carried out sequentially.

8. The method of claim 1, further comprising:

constructing a three-dimensional model of the object using

the corrected volumetric data.
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9. The method of claim 1, further comprising:

in the case that the volumetric data are determined not to
include a distortion, confirming the volumetric data
using the dimensional data.

10. The method of claim 1, wherein at least one of acquir-
ing the volumetric data and acquiring the dimensional data
includes rotating the object about an axis.

11. A system for analyzing an object, the system compris-
ing:

an X-ray computed tomography (CT) imaging system; and

a vision-based system,

wherein the X-ray CT imaging system and the vision-
based system are configured to simultaneously collect,
respectively, volumetric data and dimensional data of an
object.

12. The system of claim 11, wherein the vision-based sys-
tem includes at least one of the following: a structured light
metrology device, a vision-based coordinate measurement
machine, a machine vision system, a laser scanner, or a cam-
era-based data collection system.

13. The system of claim 11, further comprising:

a distortion correction system operable to correct a distor-

tion in the volumetric data using the dimensional data.

14. The system of claim 13, wherein the distortion is due to
X-ray scatter.

15. The system of claim 13, further comprising:

a three-dimensional modeling system for constructing a
three-dimensional model of the object using corrected
volumetric data.

16. A computer program product for correcting distortion
in volumetric data of an object, the computer program prod-
uct comprising a computer-readable storage medium having
program code embodied therewith, the program code being
executable by a computer processor to perform a method
comprising:

comparing volumetric data of an object with dimensional
data of the object; and

remapping the volumetric data using the dimensional data,

wherein the volumetric data include measurements of both
external and internal surfaces of the object and the
dimensional data include measurements of external sur-
faces of the object.

17. The computer program product of claim 16, wherein

the method further comprises:

constructing a point cloud using the dimensional data.

18. The computer program product of claim 17, wherein
remapping the volumetric data includes remapping the volu-
metric data to the point cloud.

19. The computer program product of claim 16, wherein
the method further comprises:

acquiring the volumetric data of the object using an X-ray
computed tomography (CT) imaging system; and

acquiring the dimensional data of the object using a vision-
based system.

20. The computer program product of claim 16, wherein

the method further comprises:

constructing a three-dimensional model of the object using
the corrected volumetric data.
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